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Advanced Developments for Proximity Operations 
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open-loop system. The survey qualitatively examines the relative merits of each of these compensators for application to the ARD 
problem, and identifies the performance objectives for the various ARD phases of operation, i.e., rendezvous, proximity operations, and 
docking. 
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Operational Requirements and Constraints in Autonomous 
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LASER DOCKING SENSOR ACCURACY LASER SENSOR ACCURACY (cont’d) 
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FILTER/DESIGN OPERATIONS FILTER DESIGN/OPERATIONS (cont d) 
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LDEF TERMINAL PHASE PROFILE LDEF TERMINAL PHASE PROFILE (cont'd) 

MCC4 TO VBAR STATIONKEEPING MCC4 TO VBAR STATION KEEPING 

TERM. firp. PRCriLE - XI ICURV1 TERM. RPP. PROFILE - XT ICURV1 
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SUMMARY OF RESULTS MARS RENDEZVOUS PERFORMANCE 
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HIGHLY ELLIPTIC (1 SOL) RENDEZVOUS MARS APOAPSE RENDEZVOUS 

RELATIVE TRAJECTORY 
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APOAPSE RENDEZVOUS APOAPSE RENDEZVOUS RELATIVE TRAJECTORY 

XREL VS TIME 

TIMELINE 
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PROXIMITY OPERATIONS ANALYSIS AREAS 
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SUMMARY OF INITIAL NAVIGATION APPROACH PROFILE DISCUSSION 

PERFORMANCE STUDY 
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TRAJECTORY CONTROLLERS linear quadratic regulator: vbar approach 

CASE LI: • Baseline ARAD System 
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LINEAR QUADRATIC REGULATOR: VBAR APPROACH (continued) LINEAR QUADRATIC REGULATOR: VBAR APPROACH (continued) 

CASE L2: - Baseline ARAD System CASE L2: - Baseline ARAD System 

- Plume effects on target translation - Plume effects on target translation 

- No plume effects on target attitude - No plume effects on target attitude 
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LINEAR QUADRATIC REGULATOR: VBAR APPROACH (continued) LINEAR QUADRATIC REGULATOR: VBAR APPROACH (continued) 

CASE 13: • Baseline ARAD System CASE L3: - Baseline ARAD System 

- 6 DOF target . 6 DOF target 

• Plume effects on target translation and attitude . P | U me ,ff aets on target tranalat | 0n and atlituda 
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GUIDED VBAR APPROACH (continued) GUIDED VBAR APPROACH (continued) 

CASE G1: • Baseline AR&D System CASE G1: - Baseline AR&D System 

• With plume effect on heavy target - With plume effect on heavy target 
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GUIDED VBAR APPROACH (continued) GUIDED VBAR APPROACH 

CASE 01: ■ Baseline AR&D System CASE G2: • Baseline AR&D System 

- With plume effect on heavy target - With plume effect on light target 
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JIDED VBAR APPROACH (continued) GUIDED VBAR APPROACH (continued) 

CASE G3: * Baseline AR&D System with Nav filter residual edit change CASE G3: - Baseline AR40 System with Nav filter residual edit change 
• With plume effect on light target • with plume effect on light target 
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Simplified AR&D System with Modeling Uncertainty 
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Notes on Model-Based Compensators 
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Robust Estimation \ f Notes on Robust Estimation 
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Intelligent Planner/Execution System 
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Intelligent Planner/Execution System \ f Intelligent Planner/Execution System 
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Intelligent Planner/Execution System 
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Intelligent Planner/Execution System > f Cooperative Proximity Operations 
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Comparison of Prox Ops Approaches 
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RENDEZVOUS AND DOCKING CONTROL SCENARIO 
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BENEFITS AND CONSTRAINTS OF MODES 1 AND 2 
EVOLUTIONARY STEP BEFORE ADOPTION OF NOVEL TECHNOLOGY 


REMOTE RENDEZVOUS/DOCKING CONTROL VIA TDRSS RELAY 
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FULL CONTROL AUTONOMY ELIMINATES THE CUMULATIVE TIME DELAY, 
THUS PERMITS FASTER CONTROL RESPONSE AND AVOIDS SUSCEPTIBILITY 
TO OUTAGE 


TIME DELAY EFFECT ON REMOTE HOMAN CONTROL PROCE88 
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IN SIMULATED DOCKING STUDIES HUMAN OPERATOR 
LEARNS QUICKLY TO ACCOMMODATE TIME DELAY EFFECT 
BY LOWERING HIS COfVIAND INPUT FREQUENCY 
POSSIBLE BENEFIT OF PREDICTIVE DISPLAY TO BE EXPLORED 


MANUAL AND AUTOMATED DOCKING CONTROL (SIMPLIFIED SCHEMATIC) 
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DOCKING CONTROL SCHEMATIC 



1 0 

c 



X 

0 



tP <0 


C CP 


C TJ 

«b 

* C TJ P 


-H 

a *o 

O -H c 0 


X P TJ 

rH V 

X * to X 

o 

u o c o tj a> p p 

to O to 


UO4Jl0h« 

C C 0) 0) 

O C P 

2 9 

*3 TJ O O 73 

to C X X 

to TJ O 0) 

O X 

2 a> C 4-> 3 

to c to 

-H -H CL 

<0 

Oa)>OUH'OXO)3 

TJ X O 

g 

x *h a) o 

CO P 

u a) -h 

O 0 

0 x 0 x > c 

to 0) X 

U rH to U 

X 

.C 4J-H -HJSfik+J 

OHOU 

g c 

4J g (0 U) 0) 

X to 

o ao 

<0 <0 

0 X O X > 

0 X *H 

O P 

u 

o p w a. <c o 

C -H <0 O 

X X TJ 0) 

tnx 

X <H X rH 

O PD P 

X C 0) X 

<0 o 

- X W <H 

O (0 D 

OCX 

*H 

to tr c a> 

C tPTJ C 

g O-H 

TJ c 

x c o cp a> <o 

O rH o 

0 \ g to 

o 

P -H -H p > X 

<0 rH o 

P P P (0 

X *H 

CL X X <0 *H (0 

to 0 

x o 0) 

O X 

C (a-H+J+JTjHH h 41 

to X c 

O <0 

•H CO «J 

O ODD 

TJ C O O 

rH X 

■HO CH 01 

C P C to 

C 9 TJ O 

X C 

ai cric » o) £ 

C X O -H 

10 to 1 to 

0) 

JC -H 0 htH 

to C O P 

i u 

O g 

4-> k C C 

X O CL 

E TJ OQ to 

•H o 

O H X <w 

O O 0 ) o 

O P o to 

X *H • 

0) o • 

TJ P 

o to 

<0 a >1 

k - - UHV3Q, 

0 0)- 

E g X 

10 — • 0 ) to CQ 

ood a 

* X X >i 

0 -H *H 

o p g x o 

P 0*H (0 - 

C C X rH 

X rH 

gtfJSXH 

DDD tO 

•HO X 

O 0 *H 

<0 O H X P 0) 

c -h x 0 0 

rH 0> C 

to x x 

P w -H (0 X 

0 x to X 0 

a o o to • 

X (0 

D> 0 P <0 X 

ox x c 

3H(0X^ 

*H g< 

to p X O P 

<0 TJ 0) 

X rH to U 

0) C <0 

•H 0) 4J *P O 

C C X p 

>1 to a c-h 

> -H o 

TJ X rH p X 

O TJ to 0 & 

X g O -H x 

0 

3 *0 <0 O C *H C -HO) 

OP to 

H T3 0) 

vac -h-h v «jh aw 

ox to 

i a> tj 

X g to C P 

“H O 

TJ P 0 rH rH 

Cl > *h 

X O O CLT3 

to P P o CP 

H OD 0) O 

OH L 

O — -H 0) 

0 O X X c 

P CP 

X O P 

<w in x tj <w 

a to c -h 

P 9 TJ C X 

> 0 

OOQ <0 C 

to o o X 

0) X 0) to c 

to c > 

LH CH0 OO « O-H 10 

> X tPX 0 

•H o 

V <0 *H h 

CO tP P 

0 coo 

10 

•o o u > a « 

to O C O 0) 

o to 

> WH 

-H .Q o «3 V 

P O rH a 

HX PHH 

0 X 10 

a c c <o o 

p a-H o 

0 P O td 

X c a 

o « •a o 

O XX 

P 9 to P P 

a o) c 

•P k w <H 

to «H -H O TJ 

X > X c 

g <d 

<h v v a k « 

to O to 0 c 

C *H to C to 

X 4> g 

« e o « 

0) P O rH to 

o X -H o g 

P rH 

<H 4J <0 TJ - 

O X CL 0) 

O to 0 

«J 0 X 

o e <o a 

o c to to 

C X <0 

X X 

vc o k c 

P 0 c 

rH P H C -H 

O to -H 

JC -H 0> Vi O 

a o • x o 

to 9 OX 

g > 

•U fcH H-t --H 

P 0 -H 

P X -H 

0 0 

a >,4J 

a 0 9 *nX 

C rH • X to 

X x Cr> 

C rH TJ +> « 

O TJ X to 

to to to to 4) 

HOC 

O V k V -H p 

C P X to c 

X to X X 

>i*H 

C O > O 3 

to X O -H 

coco 

to X 

C « -H O a 73 "H 04 

COOP 

X 0 

«CMHEHD«4JB 

O -H X 

C 0 

x a) a) a) o 

p X X c o 

0B P P O 

to *0 

O 10 TJ > O 

&OX-H o 

to a o to 


III -180 




CURRENT 

ATTITUDE AND RATES 
(LVLH/INERTIAL) 



* 

9 


IS 


X 

w 

X 

w 

>4 

01 

X 

o 

u 

cc 

o 

CO 

2 
w 

CO 

Q 

X 

< 

CO 

•4 

W 

X 

X 

< 

X 

o 

u 

us 

X 

o 



o 

*H 13 
m 0 
0 a 
Xk 0 
a m 

CD «H 

0 P 

U • 0 

•H >1 fi 

> 4J 0 

O -H 
M H 

a -h 

$ 

04 
0 
O 


<c 

a 

0 


o 

0 

-p 

a 

6 

O 

o 

13 

P 

0 

O 

0 


4J 

0 

O' 

P 

0 

4* 


2 

a 

0 

p 

o 

> 


13 

0 

4* 

0 

<0 

a 

p 


D 

X 

H 

— o 

M 

8 & 

2 

0 

4J 

E 2 

H 

X 13 

S O 

4> ^ 

D 0 0 

QQ P 


0 

0 

2 

<*> 


0 

P 

0 

-P 

0 

fi 

O 

u 

0 


< d> M «-h 

W 0 0 0 

X kJ o 

fl n o 

P *H ^ 0 


S 1 


I 


p 

X 

H 

0 

0 

4* 

0 

13 0 

a o 

P *rl 
4* 
>i 0 
H 0* 
0 -H 

P > 

O 0 

p a 
a 

■H 13 

-p 0 

0 0 

o 

O 0 

o 

O' 0 
0 0 
•H 13 
P -H 


1 

N 


o 

& 

0 

0 

0 

13 

4* 

> 

0 

13 

0 

rH 


N 


0 

0 

•H 

0 

0 

X 

0 


%4 

P 

13 

«P 

P 

13 


0 

0 

•H 


0 

0 

> 

0 

> 

0 

-P 

0 

N 

P 


P 

O 

0 

0 


P 

O 

0 

rH 

13 

rH 

0 

& 

•n 

0 

0 

0 

X 

o 

O 

K 

0 

0 

4* 

0 

P 


P 


0 

0 

a 

<0 


%4 

O' 

4* 


4* 

P 


0 

P 

0 

•H 

O 

0 

&4 

0 

0 


tw 

H 

t 



1 


1 


s 


X 

p 

H 

M 

O 

S 

© 

a 

© 


0 

► 4 i 
•H *4 
4* 

0 © 
H « 

0 

M 13 

2 

? 3 

<n 

m 

0 

0 i 

13 

•H 0 

► 0 
O 0 

P » 
a 4i 

0 

0 0 
o 

0 0 

*0 O' 

a 0 
0 

o * 
p 

• 

0 
O 


0 

o 


0 

O' 

p 


0 P 

o o O' 
u %4 a 

«N «H 

P 0 

* o © 
0 0 
0 p o 
0 0 0 

<0 rH P 

ana 

o 

O' P H 
0 0 

«H 0 0 

M 0 0* 

O O «H 
O 0 

<0 0 
V 0 O 
0 0 0 
P P 13 
O A *H 

0 >1 
• 00 

13 -H 

0 13 > 

0 0 
P 0 iH 
P 0 
*■4 P 

0 -P 

0 • 0 
«H © 0 

B & 0 
0 0 0 

4* P P 
O 

0 41 g 

*H 9H 0 
0 

U o O 
0 0 4* 

OOP 
P H 0 


g 

H 

* 



© 

P 

A 

§ a 

y A. 

£ 

n W 

K 

«rS 

H 

e 

w w 
8 £ 

s 

^ © 


O 0 

fi fi 

4* 

0 0 

O' H 
0 0 
0 PS 
P 

O' • 

0 4> 

•H O 
X 0 
O 4> 
O 0 
13 O 
\ O 
0 

P O' 
O 0 
> *H 
N X 
0 O 
13 O 
0 13 

0 

P H 

0 

0 0 
P -H 

•H *4 
4i 

0 O 
0 4* 

S 3 

? o 
O o 
V H 


© 

a 


PS 

o 

© 

X 

w 

© 

© 

© 


Pn 

§ 


PS 

m 


position and rotation coordinates ( 6-DOF) and 
their derivatives (Being developed under NASA/ JSC 


% 

I 




§ 

hH 

i 



E o 

>■ o 5 
CO o 

c J 

U-OoC 
> M a) 

|i& 

h D M 



111 

CO 

0 . 


hi 


to (0 

3 Z 

o o 

> w 
N (0 
Ul Z 

a u 
z z 

111 M 

a a 



H 

p 

< 


h- 

hl 


s 

ui 

a 

£ 

H 

a 

3 

H 

a 

3 

hi 

O 

a 

hi 


a 

a 


o 

>- 

CO 

o 


< 

111 

a 

CO 

3 


O 

2 

o 

o 

< 

M 


1- 

z 

< 

o 

o 

H 

H 

h 

> 

a 

< 

in 

z 

n 


z 

hi 

H 

N 


M 

o 

Z 

111 

M 

> 

Z 

H 

H 

a 

z 

hi 


a 

o 


I- 

o 


»- 

li! 


a 

CO H 

M 

Q Z 

CO 

S H 

hi 

hi O 

a 

-1 CL 

a 

1 - z 

z 

CO z 

< 

o 


o ro 

CO 


H 

Q hi 

Z 

Z Z 

F 

< F 


± 150 FT ACCURACY REQUIREMENT AT TERMINAL APPROACH 
INITIATION ACCOMMODATES PILOT CONTROLLED OR AUTONOMOUS 
DOCKING 






CANDIDATE DOCKING 8ENSOR8 





TJ 


• 

W 






0) C 

0) 

^ Si 


W 

<4-1 




> (0 T) 

0 

(0 10 

O 

(0 

0 




P (0 -H 0) 4) C 

c 

44 

CO 






0)PPTJ OOIO'O 

<0 

0 ) 44 TJ 

CP 

10 

w 

p • 



cp<0<0a>a>cwc-H43 

CP 0) c 

rH 

44 

0) 

0 44 


0) 

PTJPP£(0<H(0P 

c 

<0 TJ -H {0 


(0 

44 

c 


£ U 

to VC £ to P O 

0) 

6 0) P 

>, 

TJ 

44 (0 

<D 

43 

P CO 

pvas>ic<wpv 


•H (fl 0 Tf 

CPH 


3 P 

0) 6 

44 

. _ ^ 

■HOOrHV (OPT) 

3 £ 

G P 

0) 

a 

h a 

•H 

to d'\ 

V O' 0 e £ T) V 

G 

O 

*H (0 

rH 

44 U 

43 0 

Z w 

(0 c < 

>CU (0 O C tO TJ 

<0 

0) C G r> 

P 0) 

CP 3 *H 

(0 H 

0) 

•H to 

•H (0 >i p p (0 p 


TJ O -H 

O 

c 

O 0) 

44 O 

-73 

£ p < 

to £H 11 £ V 


•H 0)44 W 

0) 0) D> to 

43 

•H > 

(0 *H 

O 0) 5S 

tO TJ P V P ‘VtJ'O 

p 

> 43 P 0) 

C 43 G 


44 

3 W 

P > 

3 0) 

(0C-HPVM3-HC 

0 

<0 O 

•H 44 *H 

CP 

* 

W *0 

0) 0 • 

rr * . h 

00 C P 

a(0^(0PVP<H«j 

w 

>1 W 5C C 

CP 4^ 

c 

W O 


w u 

<tf G) 
P TJ 
& C 
•H 3 

c 

43 >1 

o h 

0) 4-> 

44 C 


C *H 
t0 X 

o 

*0 o 

C TJ 

<0 

TJ 

0 ) 0 ) 
CP44 •• 
C <C Q) 
ASM 

^ o id 

-p 

u-t 3 w 

<0 P 
O 
O W 
44 c 

a Q> 

>i c a 

44 O 
h a> 

O 44 44 
10 Id 
H OTJ 
•H -H 
H *0 

a c 
a a 
<o o 


_ p „ 

<o a o 

O *H 
44 44 
tp id io 

c 43 6 
•HP C 
* O 
O CP<W 

o c c 

TJ -H -H 


a> 
CPTJ 

c c 

p 


a> a> 

44 
W G TJ 

>i 10 0 ) 

w a 
-c o 

tPOH 
C*H 0 ) 


<D 


w 

-H 43 > 

CP P 


W 0) 

X £ 0) 

G P 

35 

0) H 

O TJ 

M 3 

O 

O CP 

f0 <4H 

W O 


0 c 

P O CP w 

C 

<D 

P (0 

44 C C0 

0) Q) 

X 

a 

rH 

W P 

44 

TD 

0 CO 0) CP 

(0 


H G 

H Q 43 D 

0) 

w 

(0 (0 

CPH O 

H CP 

<0 

G 

C w >,Q 

CP c 


CP Q> 

<0 H rH 


43 -H CP 

U«C 

9 (0 

WOP 

CP 

W 10 4-> 
6 6 0 
O *H CP 

44 P 
WOO 
>i44 44 
W O 

•H O 
CP P > 

c a-H 

•HOP 
CPP 10 
<0 GLH 

e a o 

MOP 


tj 

c 

o 


P 44 rH 
O C O 

woe 

CPC 
O P o 
O W 3 Q 
CP U O 
C CP X 
o c w 
P -H -H >i 
* 43 

COO 
O O Q«44 
•H Q >, V 
W 44 (C 
-H P O P 
U O 44 44 

o w o c 
P O P o 
ftpao 


fsi 


•H OU'D 44 £ C 


0) 

> 


O >1 P o 

tPiH *H 

OH'S 

P H 

a > p 
a 

O P 

o 

O O CP W M 

P c o 


C *H 
O TJ 
P o 
o 

44 TJ P 
O C 
O 


CP c o 

C C 0) w 

O *H 
O 43 P 

> W O 

O 44 o 43 -H 

W O H 44 * 
0 JQP P O 

3 O 

C <4H TJ 


CP 

c 


w 
w 
o 
o 
o 

p 

a p cp g 


o 

W 44 o 
COO 
O CP 

W P W O O TJ 44 
O 

CP 44 

C CP O 
-H>iC 04 J-HO^ 
^<w-H^ 04 Jaoo 
0-*X 44 O O W 
OHO H C TJ CCW 
'dao 44 <MHcoPoc 

6 TJ p O 8 O 43 OHH 
O P P 44 44 44 O 
a I H H 44 O CP 

aonocdoo 
p ph c *h a p 



<W -H I 

o w o 

44 

W O P __ 
o 44 < w 44 


& C 
44 O 


CP +> 

H W O X O 


O 43 H 

44 P 44 W 44 H OH 
O H C 43 44 

C43*d>CHOHO 

43 44 O 44 O P0440C 

44 O M POD a-H c H 
0 44 44 w p o 44 a cp 8 
cq c 044 & a o 44 w*h*h 

ooonapo wp 

6 P CP«*H H tp o O 
CP4J P C 3 O P T W 
d x o o o c c h 
O 044 o O 44 44 H O *0 


43 O O 

43 >1 P 

C 43 O 
OO <<h 

•H 3 TJ O 

44 & o « 

O *H 

c c 


C C o -H E W 

O *H O P O H 

P (0 0) O 

C U 4J 0) 43 


S 01 


1 C W £ 

►o tj 


£ 
TJ 3 


C TJ V £ 


V « O *H £ 09 O 

kce^oio-H^-oo) 

-HO U Si 0) rH £ 

3 -h a>uio)x;«j-H 34 J 
CT-P r-1 o C> O 

0 ) OjQ OH 3 H £ >, • 
)-< o) (0 co e u-i .on 
■P > >1 -H O 4 J si 
00 a» 0 > £ • to p a>(aa) 
(Li'O-H 00 0 ) O •O O' 0 ) O' 
>1 O 00 r-t O -H O 

<d *h -h o) to si to 
is 

u o> 


-H 

43 

O 

0 ) 

CO 


<0 

0 

to 



U 

HH 

w 

TJ < 

c 


0 ) 

44 


P 

<D 

p 


a) z; 

0 

<D 

rH 

to 


0 ) 44 

<D 


w 

•H 

CP <iH TJ 


44 


a w 

<0 4 -> 

44 

c 

0 ) 



<D 

0 ) 


p 

£ (0 

•H 

(0 

p 

0 ) 


TJ £ 

w 

(0 


w 

p 


rH 



E-» 

c 

0 

W 44 



Q) 

CP 

• 

O 


0 

>1 

•H rH 

p 

w 

43 

G 

w 

H 


-H 


H 

& 

0 ) 

44 

to 

0 

CP 

• 

44 


— 3 

O TJ 




G 


(0 

<D 

tO 43 

«0 

•H 

E 

TJ 

44 

10 

O 

rH 

4 H 

a 


> 

O 

C 

•H 


rH 

P 


•J TJ 4 -> 

0 

P 

to 

44 

TJ 

0 ) 

6 44 

— c 

0 ) 

p 

<w 


G 

G 43 *H 

W 


cp a 


0 ) 

(0 

(0 


w 

(0 

p 

p 


to 

CP 3 


0) 0) O' 

O' 00 C 0) 
C to -H £ 
to 3 X Si 
.POO 
00 o u 

«M -H *0 0) 
O TJ I > 

o o 
0) Oi si 

Hfl 3J 

a to « 

*H «H Eh 

O »H C 
C -H-H TJ 
-H > C 
P >1(0 

a cp-h 

c«u 

0) *H > (14 
£ 00 -H CO 

M ns 

(J c \ 

O 0) < 

O 4-> to 
P X < 

a 0 ) 55 


W 0) si O C 10 
C C W 0) P TJ 
0) O'TJ C E 0) 

-0 -H 0) 0) 0) >1 > 
0) > M P «H -H 

0) O 3 C P 

S •O P 0) to o 0) 

-H a£ t 0 TJ 

>! rH e H 0) si 

o oi -h e o to 

O T3 C to 

Q O to > 0 ) 

e 0 ) to T> 0 ) TJ 

P si O 3 T3 0) 

0) C (0 -H +j 3 C 

to O P 4J -H iH -H 
(0 -H o to *i O (0 

M 4-> a-H P C si 

10 £7 P (0 *h si 

0) P O 0) o 

- si o si to to 
CH 00 C O (0 <H 0) 

C -H to to O' 

O P «H c c 

e TJ 40 r-t 01(0 
0) C £ « -H £ 

,a o <0 o > to o 


a 

00 



RANGE AND ANGLE DETERMINATION PROM TV IMAGE 


>1 

0 

u 

P 0 

* c x 

P 

0 p 
p o c 

to CP-H 
TJ P 


- n 
P 


a) 


<u 

x 

p 


CT 5XH 

0 c p 0 x 
g to up 

0) >**H *H 

P rH X* P > 
3 a 

onuo oo 


to >1 <0 P 0) 


d)4JH O (1)0 0) 
CP h 
to P to 
g C U O 0 

*H »H -H 

0 P 


o 

c p 


tr»*H x cpx 
p > p -h cr 
o 

P P O 
OuP 


(0 P 


CP- P P 0 

_ . c «h o p x 

>, a 0 p cp >iO( 0 <DPto^to-P 

rH *H 

H> 0 pppp-HCP 3 :* 

c CP 

P-H C ~ 

0000 


C P 



X 

H O 

p 


>1 0 o 


0 

o 

X X -H 

4 ) P 


<p 

P X 

* P C CP 

4 ) 


TJ £ 

0 CO 0 4 ) C 

c 

CO 

0 C 

X fl) P 2 g-H 

•H 

0 

POP 

X 4 ) 4 ) C * 

0 

X 

0 0 0 

C P CP X CP 0 


0 

0 > 0 0 

tO P • P -H O 

0 rH 

0 

P P P X 

0 P 0 0 fH TJ 

X rH 

0 

p 0 p 

& O P C C <0 

P to 

p 

0 X 0 C 

° to -H tfl 4 ) 

g 

a 

0 

4 ) a 0 rH -H x 

>i tfl 

a 

tfl 0 P o 

rH -H £ CUTJ g P 

X 

0 

•H O 0 


xi g<i)c«fl)Hx x o u 
0 0 g -h 
c 0 x 0 p 

OPU-HOCP0 

-HxiQ'caotop 

P 4-1 (0 H H H o 

tO TJ P P P 0 U 
CTJ0000PU 


c 

4) P 
g O 


3 P 

0 


•H 4) P 

g a <o p 
P to P 
4> X P 
P W 0 0 P 
0 I 3 -H 


O O 


O h H (1) P 

H (0 0 ) CP«H 
0 ( 0 *H,Qp C 

3 -H 0 


P P g P X 


DQ 


CPP to 4) O 
C O *H x <0 4) 0 
tO P 4) 41 CP W 
4) 4) X 

TJ CPP C P 

C tO -H o 

to E H P 

HO O, 

4) 4) 


C 4) > X 
- CP X X 0 X 

^H(CP4)PX(0 
E (0 OHH X tO P 
Pm -HtOiHPpX >i 
O 4) > (0 tO O PPO 

><HOX -HP c oo 

CC W g tOO*H W 4)X 

H (0 O *H Q<“H tO P 

P X 4) O C 
to X P P £ 

I p C P O 

a) c x 

P 4) to 


TJ 
4) P 


P (0 

to to x 
P E-t 
to 

P *H 

o 

X 


00(00 
*H Qt 


4 ) 

CP O P C 4 ) C 
C 4 KO-HHOOO 
to TJ to g CP-H -H -H -H a o 
p-H p CP OX X -H 


> P 4) to 
P 4) P 
O 4) CP 4) TJ 
X P '0 4) 
>iP <0 *0 

P P to c 

PE *H 0 

4) O 4) P 


tO P 
P P 
tO C 
a 4) 
4) U 
to 

4) 

C X 


tO 


gpx4)x:*potop 
O p P CP 0 o 
4) C tfl C P 4) >1 tO 

CP C >t 0 * O X *0 0 

0X^4) POP 
0 -H ' ' ■ 

X P TJ 


H O 4) • CP-H OPPP0>prH0O 
tO-HPtPCP 0 0 O P too 
PPPC-H00030P0P3 0 

PP(fl-H>O-Ht0HPC‘H«C4O 
XtOXtfltOOXX<H4)4>XXtOXtO 
4) U O 0 X H (0 OP'D OPPgPP 


4) 


P 
*0 tO 
4) rH 
C P CP 
P 4) C 
4) P tO 
> 0 


4) P 
4) TJ 4) 

g to 

to O to 

to P X 

o 

to 4) 4) 

4) X a 0 -H X TJ 4) 

^ <0 X POX 

PC g P • 
>1 4) 0 to 4) 

X X g -H -H O' *p 

POP C 4) -H 
Q) p lOP-H OH 
03HPP*H OX C iH 
- - > 4) O 4) 4) 

4) P O X P 
? 4 OPMO’WO to 

I C iH w 0) TJ to 

- X -H 3 4) TJ C 

tO w P tO C H X 0 tOP 
P OU O -H O' 0 *H v - r 4) 
4) CO M aCHH O' 
E-H 0) 10 H o 0) P 

XXtOP 0 P -H 0 
4) 4) P P X P 

tO CPX tO C tQ 

to p p a o o 

to o to X 

-P !* 10 P P 

X to C X tO TJ 4) *H >1 4) 

P OP P 4) H*H X H gP 


cjCOP 
^td PH 
4) P O 
O to 
C -H TJ 
tO TJ C 
P 


• P 

to c 

4) 


*H *H «H 
P > 

P -H 
to H P 
•H 

(0 (0 
-H . C 
4 ) 4 ) 
XH tO 

to O' 

rH C 0 
H tO X 
10 P 
P P 
to c P 
a 0 0 

C C 
-H CP * 
a-H a 
rH C 

4 ) « O • 
X 0 -H 10 
Eh -H 0 0 
g P 4 ) 
0 P 
41 U CP 
X X 0 
P 4 ) TJ 


tO P C (0 
tO tO P I 
XX OP 
O H P P 
CP-H O 

C X 'P 
•H > 0 c 4 ) 
CP P to X 
c 4 ) o a p 

OH PH 
p CP O p CP 
C 4 )-H c 

t) O H C H 
*H P CP* 
P >i 4 ) *H tO 
P TJ P 10 P 
4 ) O 

g X P CO >i 
tO 4 ) 4 ) X 
-HP CPg 
TJ 4 ) P O TJ 
tO CP tO O 4 ) 
p p p 4 ) P 
CO to X o 
P P 4 ) 
4 ) >i P 
0 P fH p 
X 0 C O 
POOD 


0 ) 

rH 

CP • 
C P 
to P 
to 

C X 

o o 

*H 

p p 
to X 
P 4) 

c c 

4) 

*H 4) 
P X 
O P 

TJ C 
C *H 


o e <d 

0 p O rH O 

0 

O' « A 

*H C 0 CP 0 

TJ 

b 4 J 

TJ 0 W C 0 

CP 0 


P 0 0 

C P 

o a to 

C 0 0 

•H 0 

« « 

> Oo 0 O 

P P 

<m a) 

o a 0 -h p 

0 P 

•W > to 

C 0 -H X C 

0 0 

©■HO) 

* 0 *H 

X 3 

*j a 

0 0 1 

rH 

-H 10 

0 x -H p 0 

0 rH 

© n © 

X P X P rH 

> *H 

•o c u 

P H O O' 

-H 

M © u 

0 C 

P 0 

o to © 

C 0 0 0 

0 *H 

TJ 

0 O • CP 

rH 

-p a 

3 n P 0 

0 0 

a >i 

•0 TJ 0 -H 

P CP 

p a p 

0 0 TJ rH X 

0 


CP g 
C -H 
•H 

P P 
0 4) 


<0 

P 

P 


CP 

p 

to 


X P 
4) 

O 

P 4) 
O TJ 
•H 
TJ > 
O 

X 4) 
P X 
4) P 
g 

g 
4 ) O 
X P 
Eh P 

tO 

P 

to 

TJ 


981*111 




IMAGE INFORMATION 08ED IN EXTRACTING RANGE AND ANGLE DATA 
FROM APPARENT RELATIVE POSITIONS OF THREE TARGET POINTS 
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LASER DOCKING SENSOR (LDS) 


T3 

<w cn x 

p 

® >i <w 0 

0 G *H 

0 

04 iH 0 

-H K | ffl 

Cp 

oh m c c 

a) p © 

co c 

rH « 3 fl) O >1 O 

O <0 ffl rH 

ffl -H 

0) *H O £ H rl -H 

ffl 0) O |H 

*o *o 

> +J > o +> P P 

P P ^H 0> ffl 

-H o ffl 

® C N B -H E -H 

0 c 

CO 0 P 

•O ® « B fl» C 

D>TJ -H P 

•0 *H 

4J T3 *0 -H Jh -H 

c c p jx o 

p 3 

O' O C C 3 <w 

•h (o «j o 

ffl ffl & 

c a o a & 3 « 

M 0 ffl 

p p a) 

•H }h 0 03 

0 0) ffl *0 tr 

p p p 

0) (fl 1 ® 0 

o 0 * a> c 

0 

43 0 rH <0 0 

TJ G rH *0 <0 

p o) 

a -p a g-H a> 

idO'CX 

CHX 

>i*H 3-H 3 43 

ffl P C ffl U 

0 P 

rH «j o e ® p 

P ffl 

•fc 

P P C -H rH P 

p ffl p p 

TJ CO ffl 

C O C -H X -H 3 

> C 0 o 

ffl Q P 

fl) fl -H P fl E «w 

o -h o <d 

P »-3 ffl 

p p a e 

P P-H O CO 

C O 

P -P fl) rH O' 

ffl P P ffl 

D ffl -H 

3 C B O'-® fl C 

T3 rH <C ap 

o p tj 

003C£UH 

ffl ffl p a «j 

6 P C 

O -H £-• *H T3 

p p c <o p 


E P P -PC 

0 ffl 

CO >1 

® O 0 « 3 ® 

ffl P -H ffl ffl 

PP C 

•P 01 «M P • w a 

P 0 P ffl p 

0 ffl 

B l-j « B C 

P OOP 

P c > 

>t\ « au ^ 

ffl G rH 

O 0 ffl 

01 < > 0 -H « E 

0 ffl O ffl 

ffl -H 

01 -H +) C C 

>i*H > T3 

HP >, 

P ® CO o 

ffl p -H ffl iH 

P -H ffl 

01 2 fl 43 -H O 

p ffl p p a» 

ffl CO 6 

q c p p p o 

P C ffl P -H 

P *H 

•J P P fl) 3 rH 

ffl H H >1 

0 b TJ 

w 4) fl) W P O 

e ffl p 

P & c • 

3 4) « Oi) t) • 

P u u o cn 

P 0 ffl P 

P CH4) fl 103 10 

0 ffl c 

ffl ffl ffl 

0 3 fl -H p p p 

P P T J rH *H 

P - CO 

co p fl co fl c 

0 ffl C 0 ffl 

ffl ffl ffl 

c^.®U43«>® 

ffl TJ ffl P 0) • 

PPHX 

« t) P W O 0 E 

•H P ffl CO 

C ffl P o 

co oi a a> *o p fl> 

P ffl - C 0 ffl 

•H p *H 

01 P 3 « fl) P 

ffl p ffl o 0 P 

0 -H CO ffl 

CrQ 3 O -H -H 

P-W ffl u P ffl 

Oi rH -H X: 

CS OP CP >i3 

oeo a c 

1 -H > p 

*H^OPfl-HrH& 

P P C *H 

ffl O 

>1 « « E O P ® 

P ffl ffl Q rH *0 

rH ffl >i,>i 

OB £ P « fl p 

ffl ap q ffl m 

tPP rH X* 

o <0 >1 o o a ® 

P CO 1 C 0 

C rH 

Qhh <U B P C 

O H i tJi 0 

•H ffl ffl C 

O' 43 ® P CP 0 

PHffl *H O 

CO rH -H O 

P 3 0>£ « >, *H 

co p co 

O P -H 

ffl O -H Eh 04 rH *0 P 

-H -H ffl -H c 

rH *H *H p 

B O £ rH ® fl 

o p tr e u o 

ffl P C O 

fl <0 fl B O 

a a> p E o -h 

C ffl -H ffl 

•J rH <0 • ® C fl -H 

1 > ffl ffl CO P 

0 > P 

rH C Grip -H ® rH 

ffl rH a c 0 

*H p -H 

»«acoo>p04 

> P ffl 6 

P P O XJ 

® c h oh u a 

-H ffl P o co 

•H ffl C 

c c h-> p c a 

P O' ffl P ffl 

TJ O' P 

0 P o O 0 -H 

p > 

ffl P (0 ffl 

< Q ® 0 P rH 

< ffl CO ^ * -H 

< ffl *H > 

o -t v a « tr « 

P ffl ffl ffl P 

P 0 

£ a, 0»C 3 

rH C»C0 ffl 

ffl ffl 

: TJ « c -h p 

ffl tP C ffl rH 

ffl 0 c 

C £ fl ® o 

p c ffl p ffl 

p ffl ffl 

43 B A P P £ fl 

p « u a p 

4)tHg 


III-190 



DATA FROM D. BRADBURY, MDSSC/SSD 









REMOTELY CONTROLLED RENDEZVOUS AND DOCKING PROFILE 
WITH TARGET IN LOCAL VERTICAL/HORIZONTAL ATTITUDE 
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POTENTIAL 8UNLIGHT INTERFERENCE WITH DOCKING PHA8E 
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PHASE ANGLE CONSTRAINTS BETWEEN SHUTTLE AND TARGET ORBITS 
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Provide Enough Accuracy for automatic system takeover with relative 
position and energy within budget. 



The limits within the navigation and control systems will 
determine the ability of system to perform in an autonomous 
fashion, limiting tools available, and relative motion that 
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This presentation addresses some of the factors which affect system architecture for 
autonomous rendezvous and docking systems. 
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Mission Phase Modeling Navigation Reaction Time 

pre rndz 3 DOF inertial hours - months 

far field mdz 3 DOF inertial hours - days 

near field rndz 3 DOF relative minutes 
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The level of automation of a system depends on where the system boundary is drawn. 
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The system automation increases as more of the elements listed are included in the 
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Mars Rover Sample Return (MRSR) 

Reference Mission Scenario 
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Mission Scenario 
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High Technology Leverage Mission Scenario 

Mission Scenario Diagram 
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AR&D Requirements for a 
Small/Simple Ascent Vehicle 
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RO must perform all maneuvers in such a way as to not disturb 
the attitude stability of the MAV 

The RO must achieve a positive connection to the Return Sample 
Canister Assembly (RSCA) and initiate release from the MAV 
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Docking, Grappling, Attach/Release Mechanisms 
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These autodocking sensor performance requirements are a function of the control algorithms and will increase or decrease as tl 
control system capabilities change and more test data is collected. 
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proximity operations would be appropriate. 
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4 SIMULATION VALIDATION 
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Many lessons were learned during our testing at the Flight Robotics Laboratory. These lessons basically fall into three categories: 
sensor, filter, and control loop. We have gained a much better understanding of how optical sensors behave and how to deal with their 
characteristics and limitations and know of several modifications which should be made to improve performance. We know about the 
data filtering requirements and the improvements needed for the current filter. Lastly, we understand the behavior and limitations of 
the control loop and know what we need to do to fix it. 
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Due to the range dependent nature of the sensor noise, it is important that the control loop be very tolerant of noise at long range. At 
long range it is difficult to discern relative attitude although bearing angles to the target are easily measured. This supports the 
strategy of controlling attitude to center the target at longer range and not worrying about aligning the two bodies. At close range the 
relative attitude information will be more accurate and it is appropriate to align the orientation of the bodies at this time. 
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APPROACH TARGET AND DOCK IF ALL OF THE ABOVE CONDITIONS ARE MET THEN IT 

IS APPROPRIATE TO INITIATE A CLOSING VELOCITY 
WITH THE TARGET AND PERFORM THE FINAL 
MANEUVERS TO DOCK. 
















7 CONCLUSION AND FUTURE PLANS 
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Ten Momson and Wayne Teng of TRW for their work in analyzing the sensor behavior and creating a simulation to mimic the sensor 
characteristics. 
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HYBRID CONTROL LOOPS WITH HUMAN INTERACTION OR INTERVENTION 

- HUMAN INITIATED DOCKING ABORT OR COMPLETION 

- OPERATOR AID TO CONTROL LOOP SUCH AS TARGET DESIGNATION 




